We investigated whether non-pathogenic Saccharomyces cerevisiae and human commensal opportunistic pathogenic Candida albicans stimulate cytokine responses of human neutrophil-like HL-60 cells pretreated with either 1 M retinoic acid or 1.25% dimethyl sulfoxide (DMSO). Intact and heat-killed S. cerevisiae enhanced secretion of interleukin (IL)-1, IL-6, IL-8, IL-12, IL-18, MCP-1/CCL2 and TNF-from retinoic acid-treated HL-60 cells, accompanied by alterations in mRNA expression of the cytokines. Heat-killed C. albicans promoted secretion of IL-6, IL-8, IL-12, MCP-1 and TNF-, while intact C. albicans slightly enhanced secretion of IL-1, IL-8 and IL-18. In response to yeast stimuli, retinoic acid-treated HL-60 cells generally secreted cytokines more strongly than DMSO-treated HL-60 cells. Gene expression levels of Toll-like receptor (TLR)1, TLR2, TLR4, TLR6 and dectin-1 in HL-60 cells were additionally affected by retinoic acid or DMSO and by co-culturing with S. cerevisiae or C. albicans. Our results suggest that both intact and heat-killed S. cerevisiae and C. albicans induce cytokine responses of neutrophils in the intestine, and stimulate host immune function.
In the human intestine, high numbers and several species of commensal and transient bacteria and fungi are present. Candida albicans is a human commensal yeast that sometimes causes opportunistic invasive infectious diseases, particularly in immunosuppressed patients. C. albicans produces several virulence factors and displays unique morphological changes, designated as pseudohyphal and hyphal forms, to facilitate escape from phagocyte-induced death. [1] [2] [3] On the other hand, Saccharomyces cerevisiae is a non-pathogenic yeast used for the production of animal feed, fermented foods and probiotics. S. cerevisiae is not a commensal yeast in the human intestine. Consequently, live and killed cells exist transiently in the intestine and are excreted with feces when orally ingested. 4) It is possible that both yeast species are partially taken up in the intestine, contact immune cells, and induce subsequent immune responses.
We have previously reported that several non-pathogenic and opportunistic pathogenic yeasts, including S. cerevisiae and C. albicans, as well as S. cerevisiae cell wall components, zymosan and -glucan, enhance interleukin-8 (IL-8/CXCL-8) secretion from human intestinal epithelial cell (IEC)-like Caco-2. 5, 6) Several types of non-pathogenic commensal and/or probiotic Escherichia coli, Lactobacillus sakei, cell extract fractions of Streptococcus thermophilus, [7] [8] [9] [10] and pathogenic Salmonella dublin, Yersinia enterocolitica, Shigella dysenteniae and Listeria monocytogenes 11, 12) stimulate IL-8 production from intestinal epithelial cells. IL-8 is a CXC chemokine displaying chemotactic activity for neutrophils (polymorphonuclear leukocytes; PMNs). 13, 14) Neutrophils play important roles in both innate and adaptive immune responses by killing and digesting invasive foreign microbes, including fungi, via phagocytosis. During these processes, neutrophils produce reactive oxygen species, distinctive neutrophil extracellular traps (NETs) and cytokines, and present microbial antigens to other immune cells. 15, 16) In response to bacteria such as Anaplasma spp., Ehrlichia spp., Salmonella typhimurium and Pseudomonas aeruginosa, neutrophils enhance the transcript levels and/or protein secretion of IL-1/, IL-6, IL-8, macrophage inflammatory protein-1 (MIP-1) and/or tumor necrosis factor-(TNF-). [17] [18] [19] [20] Furthermore, numerous neutrophils accumulate in areas infected by fungi. 21) Freshly isolated neutrophils secrete IL-8 in response to heatkilled S. cerevisiae and C. albicans, and MIP-1 to heat-killed C. albicans, albeit to a lower extent, compared to bacterial responses. 17) Neutrophil-like HL-60 cells additionally display enhanced mRNA levels of IL-1/, IL-8 and TNF-in response to live and heatkilled C. albicans, and IL-6 and IL-12 upon treatment with heat-killed C. albicans, although protein secretion has not been reported to date. 22, 23) The pathogenic yeast, Malassezia furfur, stimulates IL-1 and IL-8 transcription and IL-8 secretion from neutrophil-like HL-60 cells.
22)
Promyeloleukemic HL-60 cells are often used for study as human neutrophil-like cells. Pre-culturing HL-60 cells with retinoic acid or dimethyl sulfoxide (DMSO) is usually performed to induce differentiation into neutrophils in vitro. 24, 25) Differentiated HL-60 cells display characteristics of neutrophils in terms of their morphology, expression of complement receptors, and ability to perform phagocytosis, chemotaxis, superoxide generation and reduction of nitroblue tetrazolium.
In this study, we investigated whether intact and heatkilled S. cerevisiae and C. albicans induce expression of various cytokines at the protein and mRNA levels in neutrophil-like HL-60 cells. Moreover, we compared the effects of the two differentiation inducers, retinoic acid (1 mM) 24) and DMSO (1.25%), 25) on cytokine production by HL-60 cells. The expression patterns of mRNA encoding pattern recognition receptors (PRRs) as Tolllike receptor (TLR)1, TLR2, TLR4, TLR6 and dectin-1 in HL-60 cells, which recognize yeast components, [26] [27] [28] [29] were additionally examined.
Materials and Methods

Microorganisms. S. cerevisiae JCM 7255
T and C. albicans JCM 1542
T purchased from the Japan Collection of Microorganisms at RIKEN BioResource Center (JCM; Wako, Japan) were grown in YM broth (Difco Laboratories, Detroit, MI, USA) at 25 C for 3 d, washed three times with phosphate-buffered saline (PBS) by centrifugation at 1;000 Â g for 10 min at 4 C, resuspended in PBS, and maintained at 4 C for no more than 2 d prior to co-culture. The viable cell numbers in each suspension were estimated by the pour-plate count method, using potato dextrose agar (Eiken Chemical, Tokyo, Japan). Yeast cells were washed twice with PBS, and then killed by heating the cell suspension in PBS at 60 C or 100 C for 30 min. To confirm that the treated cells were effectively killed, a 100 ml aliquot was poured onto a potato dextrose agar plate and incubated at 30 C for 2 d.
Culture of HL-60 cells. HL-60 (RCB0041) cells purchased from the Cell Bank at RIKEN Bioresource Center (Tsukuba, Japan) were cultured in RPMI1640 medium (Nissui Pharmaceutical, Tokyo, Japan) supplemented with 1 mM L-glutamine (Wako Pure Chemical Industries, Osaka, Japan), 10 mM HEPES (Dojindo, Kumamoto, Japan) and 10% heat-inactivated fetal bovine serum (FBS; PAA Laboratories, Linz, Austria) in flasks (Becton Dickinson Labware, Franklin Lakes, NJ, USA) at 37 C in 5% CO 2 . For co-culture with the microorganisms, 1:0 Â 10 6 cells in 1.0 ml medium were seeded into 24-well culture plates (Becton Dickinson Labware) and cultured for 6 d in identical medium containing 1 mM retinoic acid (Wako Pure Chemical Industries) or 1.25% DMSO (Wako Pure Chemical Industries), which was exchanged everyday with fresh medium. The cells were subsequently co-cultured for 7 (for mRNA analysis) or 24 h (for ELISA) with each microorganism in 1.0 ml fresh identical medium.
Enzyme-linked immunosorbent assay (ELISA). Supernatant fractions were collected after co-culture, centrifuged at 1;000 Â g for 5 min, divided into microtubes, and stored at À80 C until assay. The concentrations of IL-1, IL-6, IL-8, total IL-12, monocyte chemoattractant protein (MCP)-1/CCL2, and TNF-in the collected fractions were measured using ELISA kits specific for each cytokine (Pierce, Rockford, IL, USA) and the IL-18 concentration was similarly measured using ELISA kits from Medical and Biological Laboratories (Nagoya, Japan). For measuring IL-8, IL-12 and MCP-1, the fractions were diluted appropriately when required with identical fresh medium before performing ELISA. The detection limits for IL-1, IL-6, IL-8, total IL-12, IL-18, MCP-1, and TNF-were 10.24, 10.24, 25.6, 25.6, 12.5, 51 and 15.6 pg/ml, respectively.
RNA extraction and quantitative RT-PCR. HL-60 cells before and after co-culture experiments were collected without removing yeast cells and washed with PBS by centrifugation at 1;000 Â g for 5 min. Total RNA was isolated from the cells using an RNeasy mini kit (Qiagen, Hilden, Germany) with DNase digestion (Qiagen), according to the manufacturer's instructions for animal cells. Template cDNA was synthesized from RNA by reverse transcription, using an Omniscript reverse transcription kit (Qiagen) with oligo d(T) 12{18 primer (Invitrogen, Carlsbad, CA, USA) and RNaseOUT recombinant RNase inhibitor (Invitrogen). The LightCycler real-time PCR system (Roche, Mannheim, Germany) was employed for quantitative PCR of cDNA using the QuantiTect SYBR Green PCR kit (Qiagen) and oligonucleotide primer pairs specific for human GAPDH, IL-1, IL-6, IL-8, IL-12p40, IL-18, MCP-1, TNF-, IL-1-converting enzyme (ICE/ caspase-1), TLR1, TLR2, TLR4, TLR6 and dectin-1 purchased from Nihon Gene Research Laboratories (Sendai, Japan). The PCR protocol comprised an initial heat activation step at 95 C for 15 min, followed by 40 cycles of denaturation at 94 C for 15 s, annealing at the temperatures specified in Table 1 for 20 s, and extension at 72 C for the times shown in Table 1 . The relative concentration of each mRNA was calculated using a standard curve generated from serially diluted known standard samples, and each transcript level was normalized to that of GAPDH in the same sample.
Results
Retinoic acid and DMSO modulate cytokine responses of HL-60 cells to intact and heat-killed S. cerevisiae
We examined whether HL-60 cells secrete cytokines in response to intact and heat-killed S. cerevisiae (approximate cell numbers of HL-60:yeast=1:10) and whether the differentiation methods using 1 mM retinoic acid and 1.25% DMSO affect the secretion. Retinoic acid-treated HL-60 cells secreted IL-1, IL-6, IL-8, IL-12, IL-18, MCP-1 and TNF-in response to intact and/or heat-killed (60 C for 30 min in PBS, denoted by 'HK 60' in Fig. 1 ) S. cerevisiae after co-culture for 24 h (Fig. 1) . The cytokine responses of retinoic acid-treated HL-60 cells in each experimental group were stronger than those of DMSO-treated HL-60 cells. Treatment of HL-60 cells with retinoic acid enhanced basal secretion levels (denoted by 'none' in the absence of yeast stimuli) of IL-1 and MCP-1, but not those of the other cytokines assayed, compared with untreated HL-60 cells. DMSO had no significant effects on the basal secretion levels of the cytokines examined.
Intact and heat-killed S. cerevisiae and C. albicans differentially enhance cytokine secretion from HL-60 cells treated with retinoic acid
To compare the cytokine-inducing activities of nonpathogenic S. cerevisiae and opportunistic pathogenic C. albicans in HL-60 cells, we examined the effects of various concentrations (1:0 Â 10 3 -1:0 Â 10 7 cfu) of intact or heat-killed (at 60 C or 100 C for 30 min in PBS) yeast cells on cytokine secretion from HL-60 (1:0 Â 10 6 cells) treated with 1 mM retinoic acid. Following co-culture for 24 h, both intact and heat-killed S. cerevisiae enhanced the secretion of IL-1, IL-6, IL-8, IL-12, IL-18, MCP-1 and TNF-, depending on the yeast concentration and method used to treat the yeast cells (Fig. 2) . The maximum levels of secreted cytokines (except IL-18) induced by heat-killed (60 C) S. cerevisiae were higher than those induced by intact or heat-killed (100 C) cells. C. albicans (1 Â 10 7 cfu/ml) heat-killed at 60 C increased the secretion of IL-6, IL-8, IL-12, MCP-1 and TNF-, but not of IL-1 or IL-18, The LightCycler PCR amplification protocol comprised an initial heat activation step at 95 C for 15 min, followed by 40 cycles of denaturation at 94 C for 15 s, annealing at the temperatures specified for 20 s, and extension at 72 C for the times shown.
and had stronger effects than C. albicans cells heatkilled at 100 C. Intact C. albicans (1 Â 10 7 cfu/ml) slightly enhanced IL-1, IL-8 and IL-18 secretion. The viable cell numbers of intact C. albicans increased more than ten-fold after the co-culture experiment for 24 h (about 2 Â 10 7 cfu/ml plateau), while those of intact S. cerevisiae remained similar (data not shown).
Intact and heat-killed S. cerevisiae and C. albicans modulate mRNA expression of cytokines in HL-60 cells treated with retinoic acid and DMSO
We next examined whether the changes in cytokine secretion from HL-60 cells induced by yeast stimuli are accompanied by changes in mRNA expression patterns of individual cytokines and ICE. ICE converts inactive IL-1 and IL-18 to their extracellular secreted active forms.
30) The change in cytokine mRNA expression in HL-60 cells induced by yeast stimuli (approximate cell numbers of HL-60:yeast=1:10) for 7 h differed depending on the method used to induce HL-60 differentiation, i.e., with and without retinoic acid or DMSO (Fig. 3) .
In retinoic acid-treated HL-60 cells, heat-killed (60 C, HK 60) S. cerevisiae enhanced the transcript levels of IL-1, IL-6, IL-8, IL-12p40, MCP-1 and TNF-, but not of IL-18 and ICE, after co-culture for 7 h (gray filled bars), compared with control cells not exposed to the yeast stimuli for 7 h (denoted by 'none,' unfilled bars). These changes were similar to the corresponding protein secretion levels after treatment with yeast stimuli for 24 h (Figs. 1 and 2 ). Intact S. cerevisiae (black filled bars) did not enhance the mRNA levels of IL-18, TNFor ICE in HL-60 cells after 7 h co-culture in relation to the levels in control cells ('none,' unfilled bars) for 7 h (Fig. 3) . Interestingly, however, stimulation of HL-60 cells with intact S. cerevisiae enhanced IL-18 and TNFsecretion after 24 h co-culture ( Figs. 1 and 2) . In DMSO-treated HL-60 cells, the levels of TNFmRNA in each experimental group exposed to S. cerevisiae were higher than those of retinoic acid-treated HL-60 cells (Fig. 3) , but did not concur with the patterns of TNF-secretion in each corresponding group (Fig. 1) .
Treatment with retinoic acid and DMSO and coculturing with S. cerevisiae and C. albicans modulate mRNA expression of Toll-like receptors and dectin-1 in HL-60 cells
We next examined whether the differentiation methods and yeast stimuli affect the transcript levels of TLR1, TLR2, TLR4, TLR6 and dectin-1 in HL-60 cells, which recognize yeast cell components and initiate 
S . c e re v is ia e C . a lb ic a n s
In ta c t H K 6 0 N o n e In ta c t H K 6 0 B e fo re
In ta c t 
In ta c t immune responses. Several repeated experiments consistently showed that treatment of HL-60 cells with 1 mM retinoic acid for 6 d (prior to yeast stimuli, denoted by 'before' in Fig. 4 ) enhanced the mRNA expression of TLR1, 4, 6 and dectin-1, compared with that in untreated HL-60 cells. The corresponding HL-60 cells treated with 1.25% DMSO exhibited higher mRNA expression of TLR1, 2, 6 and dectin-1 than untreated cells (Fig. 4) . Heat-killed (60 C, HK 60) S. cerevisiae enhanced the expression of TLR2 mRNA in both retinoic acid-and DMSO-treated HL-60 cells, compared with those without yeast stimulation (denoted by 'none,' unfilled bars) (Fig. 4) . Stimulation of retinoic acid-treated HL-60 cells with intact S. cerevisiae and C. albicans led to decreased TLR1, TLR4 and TLR6 mRNA expression, compared with control cells (none). DMSO-treated HL-60 cells expressed higher levels of receptor mRNA than retinoic acid-treated cells in all the experimental groups. However, the higher transcript expression of the receptors in DMSO-treated HL-60 cells did not correspond to higher cytokine secretion, compared to the corresponding retinoic acid-treated HL-60 cells in each experimental group (Fig. 1) .
Discussion
We report in this study that both intact and heat-killed S. cerevisiae induce secretion of IL-1, IL-6, IL-8, IL-12, IL-18, MCP-1 and TNF-from human neutrophil-like HL-60 cells pre-treated with retinoic acid, along with changes in mRNA expression patterns of the cytokines (Figs. 1, 2 and 3) . Intact C. albicans enhanced the secretion of IL-1, IL-8 and IL-18, while heat-killed C. albicans promoted IL-6, IL-8, IL-12, MCP-1 and TNF-secretion. Heat-killed S. cerevisiae stimulated TLR2 transcription in both retinoic acid-and DMSOtreated HL-60 cells, compared with cells not exposed to yeast stimuli. These results suggest that non-pathogenic and opportunistic pathogenic yeast present transiently or commensally in the human intestine differentially promote intestinal immune responses of neutrophils as well as intestinal epithelial cells. 5, 6) Moreover, in our experimental model, the intensities of cytokine-inducible activities of certain microbes and/or related molecules do not necessarily correlate with pathogenicity in vivo.
In this study, both intact and heat-killed (60 C or 100 C for 30 min in PBS) S. cerevisiae and C. albicans enhanced cytokine secretion to different extents (Fig. 2) . The results suggest that the method of killing yeast cells affects the exposure and/or production of active molecules for cytokine induction. S. cerevisiae and C. albicans contain an active molecule, -glucan, in the internal layer of cell wall, associated with mannnoprotein. In an earlier study, Gantner et al. have shown that -glucan is exposed on the whole surface of yeast cells following heat treatment at 90 C for 20 min, while intact yeast cells expose -glucan only at the budding scar. 31) It is important to elucidate the differences in immune stimulation activity induced by diverse treatments of yeast cells, such as heat, acid, high pressure, chloroform and ultrasonic treatments. We have previously reported that heat-killed S. cerevisiae and C. albicans do not induce IL-8 secretion from intestinal epithelial-like Caco-2 cells. 5) This may be attributed to differences in the recognition of yeast cells and/or regulation of immune responses between HL-60 cells and Caco-2 cells.
S. cerevisiae is a non-pathogenic yeast used for the production of animal feed, fermented foods and probiotics. Several reports disclose the beneficial effects of S. cerevisiae and S. boulardii on host health. For example, ingestion of S. cerevisiae improves milk production of cows and pig growth. 32, 33) S. boulardii, which is genetically related to S. cerevisiae, is useful in treating antibiotic-associated diarrhea caused by Clostridium difficile. 34, 35) Ingestion of -glucan derived from S. cerevisiae improves immune function and growth performance in livestock. [36] [37] [38] However, occasional occurrence of fungemia due to S. cerevisiae, particularly in immunocompromised patients, has also been reported. 39) Thus, careful use of the cells and cellular components of S. cerevisiae as a functional food ingredient is necessary.
The weaker induction of cytokine secretion from HL-60 cells by intact C. albicans may be caused by strong cytotoxicity of the yeast owing to morphological changes and virulence factors. Intact C. albicans displayed morphological changes from yeast to hyphal forms during the co-culture experiments (data not shown). Our experimental conditions using a medium containing 10% FBS (pH 7.4) and cultivation at 37 C appear to promote these changes, which are considered important for the virulence ability of C. albicans and regulated by several positive and negative transcriptional factors, including Cph1, Efg1, Rim101 and Flo8. These transcriptional factors are in turn modulated by various environmental factors, including existence of serum and nutrients, pH value and temperature. [40] [41] [42] [43] Intact C. albicans hyphae induce apoptosis of human neutrophils and escape phagocytotic killing and/or degradation. 23, 44) In addition, C. albicans hyphae do not stimulate dectin-1 receptor, resulting in no activation or phagocytosis of macrophages. 31) During the change to the hyphal form, decreased exposure of -1,6-glucan and accumulation of -glucan along the filament are additionally reported. 44, 45) In the intestine, C. albicans may display similar morphological changes, allowing its escape from immune responses.
Yeast cells and their cell wall components induce immune responses of host cells in vivo, possibly through PRRs, such as TLR2 in collaboration with TLR1 or TLR6, TLR4, and C-type lectin receptors, including the mannose receptor, dectin-1, dendritic cell-specific intercellular adhesion molecule-3 (ICAM-3)-grabbing nonintegrin (DC-SIGN) and collectins. 46) Human neutrophils express mRNA of dectin-1 and all TLRs, and dectin-1, TLR1, 2, 4, and 9 proteins. [47] [48] [49] We examined the transcript levels of TLR1, TLR2, TLR4, TLR6 and dectin-1, and confirmed the expression in both retinoic acid-and DMSO-treated HL-60 cells (Fig. 4) .
Gene and protein expression levels of PRRs are modulated by stimulation with microbial components and cytokines, and the regulatory processes differ among host cell types. 49, 50) In this study, stimulation of retinoic acid-and DMSO-treated HL-60 cells with heat-killed S. cerevisiae enhanced expression of TLR2 mRNA, compared with that in control cells (Fig. 4) . In mouse, S. boulardii enhances TLR2 mRNA expression in the normal colon and suppresses TLR2 expression induced by C. albicans and dextran-sulfate-sodium. 51) In other reports, C. albicans enhances TLR2 expression in intrahepatic lymphocytes, 52) but not in keratinocytes. 53) Regulation of TLR2 may be partially related to sensitivity to yeast cells and mode of cytokine production. However, we are yet to establish the linkage between microbial surface-active molecules, their receptors and the immune responses of the host, particularly for whole yeast cells which contain several active molecules to stimulate signaling through different receptors. To date, controversial results have been reported on cytokine responses to yeast cells. 28, [54] [55] [56] [57] [58] [59] [60] Cooperative or competitive microbial stimulation through these receptors plays important roles in directing immune responses. It is important to elucidate the mechanisms of yeast recognition and subsequent signaling pathways of host immune cells to inactivate or utilize the functions of various yeast cells. Retinoic acid and DMSO stimulate the differentiation of HL-60 cells into human neutrophil-like cells. 24, 25) However, the results in this study suggest that 1 mM retinoic acid and 1.25% DMSO have different effects on HL-60 cells. Treatment of HL-60 cells with retinoic acid and DMSO for 6 d differentially enhanced basal secretion (without yeast stimulation) of IL-1 and MCP-1, and all subsequent cytokine responses to intact and heatkilled yeast cells (Fig. 1) . Interestingly, the levels of secreted TNF-from retinoic acid-and DMSO-treated HL-60 cells were not correlated with the respective intensities of TNF-mRNA (Fig. 3) . In addition, treatment of HL-60 cells with retinoic acid and DMSO differentially enhanced the basal mRNA expression of TLR1, 2, 4, 6 and dectin-1 (Fig. 4) . Shuto and colleagues have reported that DMSO enhances the mRNA expression of TLR2 and IL-1 in response to a TLR2 ligand, bacterial peptidoglycan, but not that of TLR4 in neutrophil-like HL-60 cells. 61) In our study, the higher mRNA expression levels of receptors in DMSOtreated HL-60 cells than those in retinoic acid-treated cells did not correspond to elevated cytokine secretion in each experimental group. Further detailed investigation of the effects of retinoic acid and DMSO on HL-60 cells is essential to compare the characteristics of freshly isolated intact human neutrophils with artificially differentiated HL-60 cells.
In conclusion, we show here that non-pathogenic S. cerevisiae and opportunistic pathogenic C. albicans differentially affect secretions of IL-1, IL-6, IL-8, IL-12, IL-18, MCP-1 and TNF-from human neutrophil-like HL-60 cells, depending on the methods of killing yeast cells, yeast species, yeast concentrations, and differentiation methods of HL-60 cells. Although imbalance in the secretion of the cytokines, including the foregoing, is likely to be involved in inflammatory diseases, 62) secretion of the cytokines is essential in the immune system to protect the host against foreign substances. In addition, oral ingestions of S. cerevisiae and S. boulardii cells, and of the cellular components of S. cerevisiae by humans and animals have been reported to induce beneficial effects on several gastrointestinal diseases, immune modulation and growth performance without causing inflammatory diseases. [32] [33] [34] [35] [36] [37] [38] We therefore presume that ingestion of adequate amounts of S. cerevisiae cells and its cellular components by normal healthy subjects stimulates the immune function of the host, and that they are cleared and not induce any persistent and/or excess secretion of inflammatory cytokines or immune deficiency disease. Further investigation and careful use of the cells and cellular components of S. cerevisiae as a functional food ingredient are necessary.
